Listeria monocytogenes is a facultative intracellular pathogen responsible for both invasive and non-invasive food-borne illness in animals and humans. In this study, macrorestriction analysis following pulsed-field gel electrophoresis was used to show that Listeria monocytogenes serovar 1/2a strain EGD has a single chromosome containing eight NotI fragments of 1100, 850, 365, 320, 275, 40, 30 and 20 kb in size and 11 AscI fragments of 860, 470, 410, 360, 320, 250, 110, 80, 50, 30 and 20 kb. The total genome therefore comprises 3000 þ 50 kb. The creation of a physical and genetic map of the Listeria genome was achieved by generating NotI linking clones and their use in subsequent hybridisation analysis. Using isogenic mutants harbouring additional artificial NotI restriction sites, we were able to precisely map the positions of all currently known virulence genes on the chromosome. z
Introduction
Listeria monocytogenes is a ubiquitously occurring non-sporulating Gram-positive bacterium that is capable of causing severe infections in animals and humans [1] . Infection is generally food-borne and can be non-invasive resulting in severe gastroenteritis while invasive infections, particularly in high-risk populations such as the newborn or the immunocompromised, can lead to life-threatening septicaemia-and meningitis-based infections [2, 3] . Other characteristics such as the ability of the bacteria to grow at refrigeration temperatures or its resistance to high salt concentrations contribute to the epidemiology and the pathogenic potential of these bacteria. Early observations that L. monocytogenes is a facultative intracellular bacterium and the recent elaboration and elucidation of its intracellular lifestyle using the techniques of molecular genetics, cell biology and immunology have provided further clues to its ability to cross physiological barriers (the gut, the bloodbrain barrier and the placenta) and disseminate within the infected host. L. monocytogenes represents currently an important model to study many facets of infection caused by intracellular pathogens [4, 5] .
Pulsed-¢eld gel electrophoresis (PFGE) has been used by many investigators for genomic analysis of L. monocytogenes [6^10] . These studies have mainly employed PFGE as an epidemiological tool to detect di¡erences among otherwise highly related strains and to identify sources of infection. Thus, restriction fragment length polymorphism (RFLP) combined with PFGE is a useful marker in distinguishing between strains contained within a single serotype, with the exception of serotype 1/2c strains [10] . Currently, the genomic maps of two strains LO28 (serotype 1/2c) and Scott A (serotype 4b) have been determined [6, 7] . Despite similar genome sizes, 3.15 Mb for LO28 versus 3.21 Mb for Scott A, signi¢cant di¡erences in the number and orientation of the macrorestriction fragments were observed. In addition, known virulence genes were mapped to di¡er-ent NotI restriction fragments for both strains probably re£ecting that these isolates belong to distinct genomic divisions of L. monocytogenes as de¢ned by multilocus enzyme analysis.
In this communication, we have derived a genomic map for the serotype 1/2a strain EGD. Fragments were aligned by cloning sequences £anking the restriction site, and the relative orientation of the fragments was derived from DNA hybridisation analysis. Finally, we used isogenic mutants harbouring arti¢-cial NotI sites engineered into known virulence gene loci to determine their relative orientation and distribution on the EGD chromosome.
Materials and methods

Bacterial strains
The Escherichia coli strain InvKFP was grown in Luria-Bertani (LB) broth at 37³C; Listeria strains analysed in this study were grown in brain heart infusion broth at 37³C. The L. monocytogenes wildtype strain EGD and ¢ve di¡erent deletion mutants of this strain were used: virpA3 [11] ; v£aR (161 of the 177 amino acids comprising FlaR polypeptide were deleted (E. Busch, personal communication)); vactA-plcB [12] ; PprfABox (deletion of the 12 bp long PrfA box 5P-TAACATAAGTTA-3P upstream of the inlAB operon (A. Darbouche, unpublished data)); vinlFDE (deletion of the gene cluster inlFDE apart from the ¢rst 16 amino acids of InlF and the last 78 amino acids of InlE (A. Darbouche, unpublished data)). All these deletion mutants have an arti¢cial chromosomal NotI restriction site in common and were generated as previously described [13] . Moreover, double and triple deletion mutants with NotI restriction sites were generated. The vactA-plcB as well as the PprfABox(inlAB) deletion were constructed in the mutant strain vinlFDE resulting in the strains vactA-plcBvinlFDE and PprfABox-(inlAB)vinlFDE. In the same way, the PprfABox-(inlAB)vactA-plcB double mutant was obtained by introducing the vactA-plcB deletion construct into strain PprfABox(inlAB).
Furthermore, a third deletion (vinlFDE) was generated in the latter mutant resulting in the triple mutant strain PprfABox(inlAB)vactA-plcBvinlFDE.
Preparation and cleavage of genomic DNA in agarose plugs for PFGE
Genomic DNA of L. monocytogenes was prepared in agarose plugs following the protocol given by Schwarzkopf et al. [14] .
Restriction endonuclease digestion was performed by overnight incubation of the plugs with 30 U of enzyme (NotI for PFGE, Boehringer Mannheim; AscI, New England Biolabs) followed by another 6-h incubation with 20 U of enzyme.
Electrophoresis conditions
Macrorestriction fragments were resolved by the PFGE technique of contour-clamped homogeneous electric ¢eld (CHEF) electrophoresis using a CHEF-DRII apparatus (Bio-Rad). Resolution of the fragments was performed within PF-Certi¢ed Agarose (Bio-Rad) and using three di¡erent windows of resolution. All electrophoreses were run with 6 V cm 3I while the mixture was chilled to 13³C.
Window 1 was performed for 15 h with switches of 60 s followed by 9 h with switches of 120 s and served for resolution of fragments sized 450 kb up to 2 Mb. Fragments sized 40^550 kb were resolved with the conditions of Window 2 (23 h with ramped switches from 15 to 35 s). Window 3 resolved fragments sized 5^150 kb and was performed for 15 h with switches ramped from 1 to 12 s. The following molecular mass size standards were used: yeast chromosome PFG marker, lambda ladder PFG marker and low range PFG marker (New England Biolabs).
CHEF gels were analysed using the kb determination functions of the WinCam 2.2 program (Cybertech, Berlin, Germany).
Preparation of genomic DNA
Genomic DNA of L. monocytogenes was isolated following the method of Pitcher et al. [15] .
Oligonucleotides
Oligonucleotides, accession numbers of obtained sequences and names of probes used for hybridisation are listed in Table 1 .
Southern blot hybridisation
The agarose gels were transferred onto Nylon ¢l-ters (Boehringer Mannheim) using the blotting method of Southern [16] . The hybridisation was performed with eight probes derived from sequences obtained in this work (Table 1 ). For labelling of these probes the DIG Nonradioactive Nucleic Acid Labelling and Detection System (Boehringer Mannheim) was used. Prehybridisation, hybridisation, washes and detection of the membranes were done following the recommendations of the manufacturer.
Results
Macrorestriction analysis and estimation of the genome size
Macrorestriction analysis to evaluate the genome size of L. monocytogenes was performed with the GC-rich eight-base cutters NotI and AscI because of the relatively low G+C-content of the DNA (36^42%). Genomic DNA embedded in agarose plugs (Section 2.2) was digested with either restriction endonuclease and the resulting fragment sizes were determined after separation by PFGE. The same preparation was generally run using three individual pulse time conditions (Section 2.3) to maximise resolution of a size range of fragments (Fig.  1A^C ). The fragment sizes and patterns resulting from the digests were subsequently analysed using a program provided within the WinCam 2.2 environment (Section 2.3). The NotI digests reproducibly 
Physical map of the EGD chromosome
In order to link the eight genomic NotI fragments within the chromosome of L. monocytogenes EGD, we ¢rst set out to generate a set of NotI-linking clones. To do this, genomic DNA of EGD was isolated and subsequently digested with either the restriction endonuclease Sau3AI (GATC) or Tsp509I (AATT). Fragments obtained following complete digestion with Sau3AI ranged between 0.4 and 2.5 kb while fragments of 50^500 bp were observed following digestion with Tsp509I. Each digest was then self-ligated under conditions that preferentially lead to circular monomeric molecules consecutively minimising the number of concatemeric ligation products. The resulting circular molecules were linearised by NotI digestion and then cloned into the NotI site of the pGATA QuanTox1 positive selection vector. Recombinant plasmids were ¢rst screened by restriction digestion and subsequently, the nucleotide sequence of the entire insert was determined by sequencing [17] . Sequence information obtained from sequencing 18 recombinants allowed us to assemble eight non-redundant recombinant plasmids, each corresponding to the £anking regions of a NotI site of the Listeria genome (NotI-1, NotI-2, T, NotI-8, see Table 1 ). Seven of these non-redundant recombinant plasmids were obtained from the Sau3AI library, the eighth one from the Tsp509I library.
The nucleotide sequence of the eight NotI-£anking sequences was checked for homologies to known sequences in the non-redundant data base at NCBI using the blastp program. Signi¢cant homologies were detected for four out of the eight sequences in the data base. The translated NotI-4 sequence showed homology to a protein hypothetically char- acterised as a haemolysin found in Helicobacter pylori, Borrelia burgdorferi, Treponema pallidum, Streptococcus mutans, E. coli and other species, while the NotI-5 sequence was strongly homologous to the primary sequence of an isopropylmalate isomerase of Lactococcus lactis. The NotI-7 sequence could be aligned to a hypothetical 84.1-kDa protein present in the hemY-gltT intergenic region (ORFB) of Bacillus subtilis whereas the NotI-8 sequence showed strong homology to the ethanolamine utilisation proteins of Salmonella typhimurium and E. coli. No similarities were detected in the data base to the NotI-1, NotI-2, NotI-3 and NotI-6 sequences.
We next generated PCR fragments harbouring sequences £anking the eight NotI restriction sites using speci¢c oligonucleotides derived from the individual sequences obtained above ( Table 1 ). The eight fragments were DIG-labelled by PCR and used to probe membranes onto which NotI digests of agarose-embedded genomic DNA had been transferred.
Each probe hybridised with two separate fragments as expected, indicating that they contain sequences £anking the NotI restriction sites. We combined all the results to construct a physical map of L. monocytogenes EGD revealing that this bacterium harbours a single chromosome with the NotI fragments ordered as depicted in Fig. 2. 
Mapping of virulence genes on the chromosome
To date, three di¡erent gene clusters encoding virulence factors, the prfA-plcA-hly-mpl-actA-plcB, inlAB, and the inlFDE genes on the chromosome of L. monocytogenes have been described ( [4] , A. Darbouche, unpublished data). Two other genes, £aR and irpA, have been shown to be associated with virulence but are organised on the chromosome as individual genes [11, 18] . We wished to determine the relative order of these genes and to locate them to speci¢c regions on the chromosome. To do this, we introduced arti¢cial NotI sites into the genes from all of the ¢ve loci mentioned above to create isogenic sets of strains with novel NotI sites on their genome. The construction of these mutants is detailed in Section 2.1.
Agarose-embedded genomic DNA of all these mutants was digested with NotI and the fragments were subsequently separated with PFGE, again using different windows of resolution (Section 2.3). Fig. 3 depicts the results obtained from these digests. The NotI digest of agarose-embedded genomic DNA of the vactA-plcB mutant resulted in two novel NotI fragments of 760 and 340 kb instead of the 1100-kb NotA fragment, indicating the localisation of the virulence gene cluster on the NotA fragment.
Similarly, the inlAB operon and the inlFDE operon could be assigned to the NotA fragment while irpA and £aR were localised on the NotB fragment. Macrorestriction of the virpA3 mutant revealed two new fragments of 650 and 200 kb instead of the 850-kb Fig. 3 . PFGE of agarose-embedded genomic DNA of ¢ve di¡erent deletion mutants of the L. monocytogenes wild-type strain EGD with NotI. Panels A and B correspond to window 1 of resolution, panel C represents a PFGE run with the conditions of window 2 (see Section 2.3). Mutants : PprfABox(inlAB) (lanes A2 and C2), virpA3 (lane A3 and C3), vactA-plcB (lanes A4 and C4), vinlFDE (lanes B2 and C5) and v£aR (lanes B3 and C6). The wild-type strain EGD is shown as reference in lanes A5, B4 and C7. In lanes A1 and B1 the yeast chromosome PFG marker was used as standard, the lambda ladder PFG marker served the same purpose in lane C1. The CHEF gel electrophoresis patterns of NotI digests of genomic DNA of these ¢ve deletion mutants indicate the localisation of the di¡erent gene loci on either the NotA or the NotB fragment as described in the text.
NotB fragment and NotI cleavage of genomic DNA of the v£aR mutant led to new fragments of 600 and 250 kb again representing the former NotB fragment.
Orientation of the three gene loci on the NotA fragment was performed using three double deletion mutants, representing all possible combinations of the three afore-mentioned mutations. A triple deletion mutant was also generated. Genomic DNA of all four mutants (PprfABox(inlAB)vactA-plcB, PprfABox(inlAB)vinlFDE, vactA-plcBvinlFDE and PprfABox(inlAB)vactA-plcBvinlFDE) was prepared in agarose plugs for NotI digests and the fragment sizes were examined following PFGE (Fig. 4) . Each NotI digest of agarose-embedded genomic DNA of the double mutants resulted in three new fragments instead of the 1100-kb NotA fragment, the length of these fragments indicating the distances between the di¡erent gene loci. The combination of all digests allowed us to establish the order of the three genes on the NotA fragment given in Fig. 2 . Thus, the distance between the inlAB and the inlFDE locus is 180 kb and that between inlFDE and the virulence gene cluster 60 kb.
The relative positions of the irpA and the £aR gene on the NotB fragment were determined using Southern blot hybridisation. NotI digests of agaroseembedded genomic DNA of each mutant were transferred onto a membrane and the two £anking probes of NotB, NotI-5* and NotI-8*, were used for hybridisation analysis. Using this strategy, we were able to show that the 250-kb fragment seen in the NotI digest of the v£aR deletion mutant hybridised with the NotI-8*-probe while the 200-kb fragment of the virpA3 deletion mutant hybridised with the NotI-5* probe. Conversely, the 600-kb v£aR fragment hybridised with the NotI-5* probe and the 650-kb virpA3 fragment hybridised with the NotI-8* probe. This allowed us to determine both the distance between these two genes (400 kb) and their order on NotB as shown in Fig. 2 .
Discussion
Previous data have demonstrated the utility of PFGE as a powerful tool for genomic characterisation and subtyping of L. monocytogenes [6^10] . In this study, we combined the techniques of PFGE and molecular genetics to derive a physical and genetic map of the L. monocytogenes EGD serotype 1/2a chromosome. Our combined data indicated that EGD harbours a singular circular chromosome with a molecular size of 3000 þ 50 kb. These data are in good agreement with genome maps derived from the strains LO28 serotype 1/2c (3150 kb) [7] and Scott A serotype 4b (3235 kb) [6] . Indeed, the map determined here is identical to that of LO28 in terms of both physical organisation of NotI restriction endonuclease sites and size.
Several methods were used to determine the physical map derived in this study. Firstly, DNA sequences £anking all NotI fragments on the Listeria chromosome were cloned and sequenced. This information was used to generate NotI-£anking probes which were used in DNA hybridisation anal- ysis to determine the relative order of these fragments on the listerial chromosome. Four of the NotI-£anking sequences occurred within structural genes as homologies were detected with the respective translated sequences to protein sequences in the NCBI data base and it is likely that the remaining four cutting sites are located in intergenic regions.
A comparison of the previously published maps of LO28 and Scott A [6, 7] demonstrated that, despite their similar sizes, there were signi¢cant di¡erences in the number and orientation of the macrorestriction fragments. More importantly, there were signi¢-cant di¡erences in the positions of virulence-related sequences on these genetic maps. For example, the prfA-plcA-hly-mpl-actA-plcB cluster was detected on the 1100-kb NotA fragment of LO28, but was present on the 890-kb NotB fragment in strain Scott A. In our study, we wished not only to locate virulence-related sequences on the EGD chromosome but also to determine their relative positions and the distances between them with more accuracy. The strategy employed consisted of introducing unique NotI sites into genes either located within a cluster or individually on the listerial chromosome. To determine the relative positions and the respective distances involved, we also constructed double mutants thus generating isogenic strains with two additional NotI sites on their chromosome. The data obtained were corroborated by the generation of another strain triply marked with NotI restriction sites and further by hybridisation with the appropriate NotI-£anking probes. This allowed us to locate the prfA-plcA-hly-mpl-actA-plcB cluster, inlAB and the inlFDE genes on the 1100-kb NotA fragment of L. monocytogenes EGD. These loci are clustered within a 240-kb region of the chromosome with the order inlAB/inlFDE/prfA-plcA-hly-mpl-actA-plcB with intergene distances of 180 kb and 60 kb, respectively. The irpA and £aR sequences were detected on the 850-kb NotB fragment and turned out to be separated by 400 kb. We note that the analysis of isogenic NotI-harbouring mutants allowed us further to accurately determine the sizes of the two largest NotI fragments, NotA and NotB, and provided further con¢rmation that the genomic size of L. monocytogenes EGD is somewhat smaller than previously reported for LO28 and Scott A [6, 7] .
In summary, we have accurately mapped the positions of all currently known virulence genes on the chromosome of L. monocytogenes EGD. The data available appear to suggest that the genetic structure of strains belonging to serotype 1, i.e. LO28 and EGD, are highly similar and di¡er from strains belonging to serotype 4, i.e. Scott A. This is in concordance with data derived variously from multilocus enzyme analysis [19] , DNA hybridisation analysis with the hly gene [20] as well as surface protein analysis [21] . Currently, the genome of the strain used in this study, L. monocytogenes EGD, is being sequenced by a European consortium. From this and other studies, it would appear prudent to initiate a similar analysis of a L. monocytogenes serotype 4b genome, a serotype that has been and is associated with many recent outbreaks of listeriosis.
